Factors that determine disease severity in nonalcoholic fatty liver disease (NAFLD) are unclear, but exercise is a recommended treatment. We evaluated the association between physical activity intensity and histological severity of NAFLD.
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is increasingly recognized as an important public health problem. It is the most common chronic liver disease in the United States ( 1, 2 ) .
From epidemiological surveys, it is estimated that up to 30 % of the general population has NAFLD ( 1 -5 ) . Th e full spectrum of NAFLD ranges from isolated steatosis to nonalcoholic steatohepatitis (NASH), fi brosis, and cirrhosis. Obesity and insulin resistance are well-established risk factors for NAFLD; how ever, the pathogenesis of NAFLD is incompletely understood and factors that determine disease severity remain unclear.
Exercise is a major component of treatment for NAFLD as recommended by the American Gastroenterological Association ( 6 ) and by the American Association for the Study of Liver Diseases. Th ese recommendations are based on the relationship of NAFLD to obesity and insulin resistance. However, there is a lack of published data on the eff ectiveness of exercise in treating NAFLD. Ueno et al. evaluated the eff ects of a diet and exercise (walking and jogging) intervention in 15 subjects with NAFLD. At 3 months follow-up, intervention subjects showed a significant decrease in steatosis but no change in fi brosis ( 7 ) . In a crosssectional study of 37 subjects with biopsy-proven NAFLD, Krasnoff et al. did not fi nd a signifi cant association between current physical activity level volume and histological severity of NAFLD. However, they did note that peak VO 2 was greater in subjects with milder disease, suggesting a potential role for exercise intensity ( 8 ) .
Other studies that have examined the role of physical activity in NAFLD were limited by the use of surrogate markers for NAFLD (liver biochemistry or imaging markers of steatosis) and / or by the lack of liver histology ( 9 -18 ) . However, it is the presence of steatohepatitis and the stage of fi brosis that are most important to clinical outcome. Information on the relationship between physical acti vity and histological severity of NAFLD is thus limited. As there are currently no noninvasive markers that can adequately replace biopsy evaluation for the presence and severity of the lesions of NASH, data with biopsy fi ndings are important to improve the understanding of the association between NAFLD histology and physical activity.
As shown in Table 1 , federal guidelines from the US Department of Health and Human Services and the US Department of Agriculture recommend that adults engage in ≥ 150 min of moderate-intensity physical activity per week, 75 min of vigorousintensity physical activity per week, or a combination, to improve and maintain health ( 19 ) . Doubling these amounts is recommended to produce additional health benefi ts. Controversy remains over the role of exercise intensity vs. total volume, and dose -response relationships diff er across health outcomes ( 19 ) . In the context of these guidelines, we evaluated the association of exercise intensity and total volume of physical activity with histological severity of NAFLD using data obtained from a large multicenter study, namely the NASH Clinical Research Network (NASH CRN). We hypothesized that a lower frequency of NASH and a lesser stage of fi brosis would be found for subjects who met the moderate or vigorous recommendations for physical activity.
METHODS

Subjects
Details on the NASH CRN have been reported previously ( 20, 21 ) . For these analyses, we included baseline data obtained from adults enrolled in two NASH CRN studies: (i) an observational cohort study, the NAFLD Database ( 20 ) and (ii) a clinical trial, Pioglitazone vs. Vitamin E vs. Placebo for the Treatment of NonDiabetic Patients With Nonalcoholic Steatohepatitis (PIVENS) (NCT00063622) ( 22 ) . Study protocols were approved by all participating center Institutional Review Boards and by an independent Data and Safety Monitoring Board. Each participant provided written informed consent. A fl owchart showing both inclusion and exclusion criteria is provided in Figure 1 . We included partici pants who were ≥ 18 years of age with liver biopsies available for central reading that were obtained within 2 years of enrollment, who had ≥ 5 % steatosis with or without any infl ammation or fi brosis. Participants without liver biopsy or central histology review ( n = 435), steatosis in < 5 % of hepatocytes ( n = 49), or biopsy > 2 years from study enrollment ( n = 132) were excluded from the analyses.
Measures
Anthropometrics . Information on demographics was obtained and anthropometrics measured as reported previously ( 23 ) .
Histology . Th e NASH CRN Pathology Committee centrally reviewed all liver biopsy slides obtained from participants. Steatosis was scored according to amount ( % ). A diagnosis of NAFLD required the presence of ≥ 5 % steatosis. Th e histological features of NAFLD and NASH were assessed according to the validated system published by the Central Pathology Committee ( 24 ) . In this system, lesions of active disease are scored separately from fi brosis. Th ese lesions include steatosis, ballooning, and lobular infl ammation. Fibrosis is staged as follows: (i) stage 1a and 1b with zone 3 perisinusoidal fi brosis, mild (requiring trichrome stain), and moderate (not requiring trichrome stain), respectively; (ii) stage 1c is portal / periportal only; (iii) stage 2 with zone 3 perisinusoidal plus periportal fi brosis; (iv) stage 3 is bridging fi brosis; and (v) stage 4 is cirrhosis. Aft er the determination of specifi c features, diagnostic determinations were assigned as follows: biopsies were categorized as defi nitely not steatohepatitis, borderline steatohepatitis (zone 1 or zone 3 pattern), and defi nite steatohepatitis. Th ese determinations were made independently of lesion scores, and were based on pattern of injury, as well as the presence and amount of individual lesions ( 24 ) .
Physical activity . Leisure-time physical activity was measured by self-report using the physical activity questionnaire from the National Health and Nutrition Examination Survey ( 25 ) . Participants reported time spent per week in specifi ed recreational activities; a free-text fi eld was also available for participants to report additional recreational activities. Th e following 19 recreational activities (plus free-text responses) were considered: swimming, jogging, running, brisk walking, bicycling (hills), bicycling (fl at surfaces), hiking / climbing, aerobics, dancing, calisthenics, weight lift ing, using a treadmill or step machine, golfi ng, singles tennis, doubles tennis, basketball, football, and soccer. Activities were assigned metabolic equivalent (MET) values based on a standard reference ( 26 ) . One ( 1 ) MET is the rate of energy expenditure while at rest. Activities with MET values between 3 and 5.9 were classifi ed as moderate intensity, and activities with MET values ≥ 6 were classifi ed as vigorous intensity. MET minutes per week was calculated as: MET value × minutes spent per week in activity. Participants were categorized into the following groups based on federal recommendations ( 19 ) : (i) inactive (did not meet recommendations for moderate or vigorous); (ii) moderate (met moderate but not vigorous recommendations); (iii) vigorous (met vigorous + / − moderate recommendations). For discrete classifi cation, subjects who had ≥ 500 MET minutes per week but did not meet either moderate or vigorous recommendations were excluded ( n = 54). Subjects in groups 2 and 3 were further categorized into group 2a (those who met the recommendations for additional health benefi ts for moderate-intensity exercise) and group 3a (those who met the recommendations for additional health benefi ts for vigorous-intensity exercise).
Data analysis
Descriptive statistics were reported. A χ 2 test was used for categorical data. For continuous data, analysis of variance and Tukey ' s post hoc test were used to compare normally distributed characteristics between groups. Th e Kruskal -Wallis test was used to compare nonnormally distributed characteristics between the groups, and the Mann -Whitney test was used for pairwise comparisons in the event the Kruskal -Wallis test was significant. Th e unadjusted association between meeting moderate and vigorous physical activity recommendations, meeting the recommendations for additional health benefi ts, the association between MET minutes per week (categorized as no MET minutes per week, >0 and < 500 MET minutes per week, and ≥ 500 MET minutes per week), odds of NASH, and odds of advanced fi brosis (no fi brosis, mild to moderate, bridging fi brosis, or cirrhosis) were evaluated using a χ 2 test. Th e conditional odds of defi nite NASH and of advanced fi brosis were evaluated using multinomial logistic regression. All models used the same adjustment variables: age, gender, education, income, body mass index, and glucose. To make these variables more relevant, they were categorized as shown in Table 2 (e.g., body mass index was categorized as overweight, mild obesity, moderate obesity, or severe obesity). Glucose was log transformed. Pearson ' s and deviance goodnessof-fi t tests were used to assess model adequacy. Th e signifi cance associated with the ability of meeting recommendations to distinguish between NASH and fi brosis categories was not evaluated, 
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Exercise Intensity and NAFLD Severity unless an overall signifi cant ( P < 0.10) relationship between meeting recommendations and NASH / advanced fi brosis was observed in the likelihood ratio test. We checked for multicollinearity among factors by ensuring that all s.e. for the b coeffi cients were < 2.0. A P -value of < 0.05 was defi ned as signifi cant for individual factors in the logistic models. Post hoc , a χ 2 test for trend was performed to assess whether the decreased odds for NASH observed for the increasing amount of vigorous physical activity was statistically signifi cant.
As the timing of liver biopsy and / or participation in a clinical trial could potentially be associated with changes in physical activity, we performed three sets of sensitivity analysis. Th e fi rst two analyses were predicated upon the experience that most lifestyle changes do not persist beyond 3 -6 months: (i) sensitivity analysis no. 1 excluded participants who underwent the physical activity assessment 1 -90 days aft er biopsy and (ii) sensitivity analysis no. 2 excluded participants who underwent the physical activity assessment 1 -180 days aft er biopsy. As participants in a clinical trial with more frequent visits might be more likely to increase their physical activity than participants in an observational cohort study, sensitivity analysis no. 3 excluded participants from the PIVENs clinical trial. AST. Meeting vigorous recommendations was associated with lower γ -glutamyl transferase levels compared with being inactive. Meeting vigorous recommendations was associated with signifi cantly lower glucose and insulin values compared with being inactive.
Association between recommendations and NAFLD severity
Steatohepatitis . Th e distribution of the diagnostic categories of NASH (not NASH, borderline zone 3, borderline zone 1, and defi nite NASH) by activity group (inactive, moderate, and vigorous) is shown in Table 3 . Th ere was no signifi cant ( P = 0.42) diff erence in the adjusted odds of having defi nite NASH bet ween subjects who met recommendations for moderate activity and those who were inactive (odds ratio (OR): 1.24 (0.73, 2.11), or between individuals who met the recommendations for additional health benefi ts for moderate activity and those who were inactive (OR: 1.46 (95 % confi dence interval (95 % CI): 0.68 -3.10), P = 0.33).
Subjects who met vigorous activity recommendations had a signi fi cantly ( P = 0.04) decreased adjusted odds of having NASH than did those who did not meet vigorous activity recommendations (OR: 0.65 (95 % CI: 0.43 -0.98)) ( Table 4 ). Th ere was no signifi cant interaction between gender and meeting vigorous recommendations ( P = 0.14); therefore, an interaction term was not included in the model. Th e adjusted odds of NASH was even lower in participants who met the additional health benefi ts standard for vigorous activity (OR: 0.56 (0.34 -0.90) P = 0.02). Th e χ 2 test for trend demonstrated a signifi cant association between increasing levels of vigorous physical activity (i.e., from inactive behavior, meeting vigorous physical activity recommendations to meeting additional vigorous physical activity recommendations) and a decreasing odds for NASH ( χ 2 = 6.52, P < 0.05). Sensitivity analyses yielded similar results as the main analyses. In all three analyses, meeting moderate activity recommendations was not associated with any diff erence in the odds for NASH, whereas meeting vigorous activity recommendations was associated with a signifi cant decrease in the adjusted odds for NASH. We observed for sensitivity analysis no. 1: (excluding subjects with activity assessment 1 -90 days aft er biopsy) moderate (OR: 1. Advanced fi brosis . Neither meeting moderate activity recommendations ( P = 0.90) nor recommendations for additional health benefi ts for moderate activity ( P = 0.51) was associated with degree of fi brosis. In contrast, meeting vigorous activity recommendations was associated with a signifi cantly ( P = 0.005) lower odds of advanced fi brosis compared with no fi brosis (OR: 0.53 (0.34 -0.82)) in univariate analysis. Aft er adjustment, however, this association lost signifi cance. Notably, meeting the additional vigorous activity recommendations was associated with a signifi cantly lower odds
RESULTS
Subject characteristics and distribution of physical activity levels
A total of 1,267 adults were enrolled in the NASH CRN; of these, 813 met the inclusion / exclusion criteria and were included in the analysis ( Figure 1 ) . Th e mean age was 48 ± 12 years and 63 % were female. Overall, 73 % of participants were obese, including 31 % mild, 24 % moderate, and 17 % severe. Type 2 diabetes was present in 25 % . Th e histological diagnosis was NAFLD without NASH in 21 % (170 / 813), borderline NASH in 20 % (161 / 813), and defi nite NASH in 59 % patients (482 / 813). Fibrosis was absent in 25 % (202 / 813), mild to moderate in 48 % (387 / 813), and advanced (bridging fi brosis or cirrhosis) in 27 % patients (216 / 813).
Th e most commonly reported activity level was inactive (54 % , 438 / 813). Of those participants who were inactive, 57 % (251 / 438) reported no time spent in recreational physical activity and 43 % (187 / 438) reported participation in some recreational physical activity but not enough to meet either of the recommendations.
Moderate physical activity recommendations were met by 20 % patients (162 / 813). Brisk walking was the most common moderate-intensity activity. Among participants who met moderate activity recommendations, the median (interquartile range) hours per week of moderate physical activity was 4.5 (3.3 -7.0). Th e median (interquartile range) total MET hours per week was 19.0 (13.3 -30.0), and the median (interquartile range) total hours spent per week in any physical activity was 5.0 (3.5 -7.5). Among participants who met moderate activity recommendations, 48 % (77 / 162) also met recommendations for additional health benefi ts for moderate-intensity exercise.
Vigorous physical activity recommendations were met by 26 % patients (213 / 813). Overall, 51 % (109 / 213) of subjects in this group met both moderate and vigorous recommendations, whereas 49 % (104 / 213) met vigorous recommendations and not moderate recommendations. Running on a treadmill and / or using a step machine were the most common vigorous-intensity activities reported. Of subjects who met vigorous recommendations, the median (interquartile range) hours per week spent in vigorous physical activity was 3.0 (2.0 -4.0). Th e median (inter quartile range) total MET hours per week was 31.6 (20.2 -51.0), and the median (interquartile range) total hours spent per week in any physical activity was 6.0 (3.3 -9.0). Among participants who met vigorous activity recommendations, 59 % (125 / 213) also met recommendations for additional health benefi ts for vigorousintensity exercise. Table 2 displays the activity categories -inactive, moderate, and vigorous -according to the demographic characteristics of this cohort. Women were more likely to be inactive (58 % ) than men (46 % ). Vigorous physical activity was reported signifi cantly more oft en in younger subjects and in those with more years of education and higher income. Subjects with a lower body mass index and who were not diabetic were also more likely to achieve vigorous recommendations (but not moderate recommendations) compared with those with a higher body mass index or with type 2 diabetes. ( Table 4 ) .
MET minutes per week . Th ere was no signifi cant ( P = 0.15) diff erence in the frequency of NASH between participants with no MET minutes per week (63 % ), >0 and < 500 MET minutes per week (62 % ), and ≥ 500 MET minutes per week (55 % ), nor was there a signifi cant ( P = 0.19) diff erence in the frequency of advanced fi brosis between participants with no MET minutes per week (25 % ), >0 and < 500 MET minutes per week (33 % ), and ≥ 500 MET minutes per week (25 % ).
DISCUSSION
In a large multicenter study with patients from across the United States, we assessed the cross-sectional relationship between meeting or exceeding US national guidelines for physical activity and histological severity of NAFLD. Th ere was no association between meeting moderate-activity guidelines and histological severity of NAFLD. In contrast, meeting the minimum guidelines for vigorous activity was associated with a signifi cant reduction in the adjusted odds of having NASH. Furthermore, exceeding the vigorous-activity guidelines, which is recommended for additional health benefi ts, was associated with a decreased odds of fi brosis. (21) 85 (19) 26 (16) 59 (28) Borderline (zone 3) 153 (19) 71 (16) 45 (28) 37 (17) Borderline (zone 1) 8 (1) 6 (1) 1 (1) long-term studies of men have shown that vigorous-but not moderate-intensity physical activity was associated with decreased risk for all-cause mortality ( 32 -34 ) . Less is known about the eff ect of exercise intensity on health outcomes in women because there are fewer published data and the available studies have much shorter follow-up duration. However, a large study reported a similar risk reduction for coronary events for moderate and vigorous activities ( 35 ) . Th us, data obtained from men suggest important diff erences between exercise intensity and risk for coronary heart disease, whereas more data with longer follow-up are required in women.
In the current study, no gender interaction was found in the analysis of meeting vigorous recommendations and odds of NASH. Th e biological basis for observed diff erences in the association between moderate and vigorous physical activities and the severity of NAFLD are not known. One potential explanation is the eff ect of exercise on AMP-activated protein kinase (AMP-kinase), a regulator of intracellular energy metabolism. AMP-kinase activation in the liver increases fatty acid oxidation and decreases glucose production ( 36 ) . Activation of AMP-kinase leads to phosphorylation of many downstream targets that regulate mitochondrial biogenesis and hepatic gluconeogenesis ( 37 ) . Furthermore, AMPkinase not only regulates energy but may also have a key role in hepatic fi brogenesis, as it has been shown to suppress hepatic stellate cell proliferation. Under normal conditions, AMP-kinase is activated when the ratio of AMP is greater than ATP. Exercise can increase the AMP-to-ATP ratio; however, only vigorous activity results in a large enough shift of the AMP-to-ATP ratio required to activate AMP-kinase. Th us, observed diff erences in the association between exercise intensity and histological severity could be due to diff erences in the ability of exercise to modulate cellular pathways controlling metabolism, infl ammation, and matrix deposition ( 38 ) .
Th e multicenter design of the NASH CRN makes these results generalizable to adults in the United States with a clinical (i.e., biopsy-proven) diagnosis of NAFLD. An additional strength of this study was the inclusion of liver histology on all patients with a rigorous, standardized, central biopsy review. A limitation was the cross-sectional nature of this study; thus, these data do not establish a causal relationship between exercise and disease severity. In addition, self-report of physical activity may result in error and misclassifi cation. In particular, better reliability and validity has been demonstrated for recall of vigorous-vs. moderate-intensity activity ( 39 -41 ) . Th e present measure was limited to leisure-time physical activity, and it is likely activities in occupation, transport, and household domains that were not assessed are more likely to be moderate than vigorous ( 26 ) . Measurement limitations and misclassifi cation due to reporting bias could have reduced power to detect associations with moderate physical activity. Furthermore, this analysis included a large sample of individuals with NASH, but without cirrhosis, who qualifi ed for the PIVENS trial. However, sensitivity analyses excluding the clinical trial participants (no. 3) showed similar results. Longitudinal studies with objective measures of physical activity and randomized clinical trials are required to further examine the relationship between physical activity intensity and histological severity in individuals Th ese data, based on a large population with biopsy-proven NAFLD and a careful examination of liver histology, substantially extend the knowledge base of physical activity and severity of NAFLD. Two cross-sectional studies have evaluated the association between physical activity or fi tness level and the presence or absence of suspected NAFLD based on liver biochemistry (elevated AST, ALT) and / or liver imaging (ultrasonography or computed tomography). Th ese technologies are limited both by being unreliable for the detection of mild steatosis and by their inability to assess for the presence of steatohepatitis or stage of fi brosis. Zelber-Sagi et al. ( 18 ) , found that subjects with suspected NAFLD (identifi ed by ultrasonography) reported a lower weekly duration of exercise than did those without suspected NAFLD. In a study by Church et al. ( 9 ) , adults with suspected NAFLD had a lower cardiorespiratory fi tness level than did those without suspected NAFLD. Other studies have examined changes in liver biochemistry in response to multimodal interventions incorporating both diet and exercise in subjects with suspected NAFLD. In a study by Suzuki et al. ( 12 ) , 348 subjects with elevated ALT were identifi ed and counseled on exercise and nutrition. Beginning or continuing an exercise routine was associated with a greater change in ALT compared with performing no exercise. A similar study by Kim et al. , included subjects identifi ed by ultrasonography during a regular health checkup as having NAFLD. Th ose subjects were advised to increase physical activity and to reduce calorie intake ( 17 ) . At 5-year follow-up, a greater proportion of subjects exercising ≥ 3 times a week had a decrease in ultrasonographic abnormalities than did those who exercised < 3 times a week. St George et al. ( 15, 16 ) , randomized subjects with suspected NAFLD (ALT >30 for males or >19 for females) to one of three diff erent intensity counseling groups (low intensity: three sessions; moderate: six sessions; moderate plus: six sessions plus phone follow-up) or to a control group. Subjects who increased their physical activity by at least 60 min ( n = 85), or who maintained their physical activity at ≥ 150 min per week ( n = 29) had the greatest improvements in liver biochemistry than did those who were inactive ( n = 25). In another small study ( n = 16) that included subjects with biopsy-proven NASH, subjects received diet counseling and were encouraged to walk or jog for 30 min a day ( 11 ) . Improvements were seen in weight and serum aminotransferases; however, post-treatment histology was not assessed.
We expected to fi nd that both moderate and vigorous physical activities were inversely associated with disease severity. However, the fi nding that only vigorous-intensity physical activity was associated with histological severity is consistent with a large body of literature on all-cause mortality, cardiovascular disease, and colon cancer ( 27, 28 ) . Epidemiological studies on exercise intensity and cardiovascular outcomes are better developed for men than for women. In men, the preponderance of evidence suggests that physical activity of vigorous intensity, but not of moderate intensity, is associated with a decreased frequency of coronary heart disease ( 29, 30 ) . For example, Th e Health Professionals ' Follow-up Study, with a sample of 44,452 men and 12 years follow-up, demonstrated that, adjusted for exercise volume, vigorous but not moderate physical activity was associated with a decreased risk for myocardial infarction ( 31 ) . In addition to cardiovascular disease, large LIVER Exercise Intensity and NAFLD Severity with NAFLD. Moderate exercise may still be benefi cial over time, if only by attenuating further weight gain, but longitudinal studies are necessary to address this possibility.
In conclusion, we found an inverse relationship between vigorous-intensity physical activity and NAFLD severity. Moderateintensity physical activity and total volume of physical activity were not related to outcomes. Th us, intensity may be an important dimension of physical activity to consider when counseling patients and planning interventions. Intervention studies with objective measures of physical activity are required to confi rm the diff erential eff ects of vigorous compared with moderate physical activity on NAFLD severity.
